Heralded photon amplification for quantum communication 
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Heralded noiseless amplification based on single-photon sources and linear optics is ideally suited 
for long-distance quantum communication tasks based on discrete variables. We experimentally 
demonstrate such an amplifier, operating at telecommunication wavelengths. Coherent amplifica- 
tion is performed with a gain of G = 1.98 ± 0.2, for a state with a maximum expected gain G = 2. 
We also demonstrate that there is no need for a stable phase reference between the initial signal state 
and the local auxiliary photons used by the amplifier. These results highlight the potential of her- 
alded quantum amplifiers for long-distance quantum communication, and bring device-independent 
quantum key distribution one step closer. 

PACS numbers: 03.67.Hk, 42. 50. Ex 



Transmission loss is a fundamental limitation in quan- 
tum communication. A photon 1 1) propagating in a chan- 
nel with a transmission efficiency rjt, ends up in a state 
given by 7y(|l)(l| + (1 — ?7t)|0)(0|. Amplifying the single- 
photon component |1) is not possible in a deterministic, 
noiseless and coherent operation. In fact, if such an op- 
eration would be possible it could be used for signaling 
[l|. This restriction makes long-distance quantum com- 
munication very challenging, but it also offers a unique 
opportunity for key distribution with an unequaled secu- 
rity %]. 

Even when the ampUfication of a quantum state cannot 
be deterministically performed with unit fidelity, approx- 
imate quantum amplification is possible. Probabilistic 
noiseless amplifiers have recently attracted a lot of atten- 
tion. Of particular interest are those where the success of 
the amplification process is heralded. This includes tech- 
niques based on single-photon addition [3|, |^ , or thermal 
noise addition followed by heralded photon subtraction 
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Reference [7| presents an interesting alternative for re- 
alizing heralded quantum amplification. Inspired by the 
concept of quantum scissors [8J, the authors propose a 
scheme requiring only single-photon sources and linear 
optics. This is an attractive proposal from a practical 
point of view, and it has alreadytriggered a couple of 
proof-of- principle experiments [9|,|l0[. These experiments 
focus on the applications of the amplifiers in continuous 
variable based quantum information science, e.g. distill- 
ing continuous variable entanglement [9|, or imp roving 
continuous- variable quantum key distribution [10|, [ll| . 

Unlike recent realizations [9|,JlO[, we focus on the po- 
tential of the amplifier in Ref. [7| for tasks based on dis- 
crete variables. Our experiment uses photons at telecom 
wavelengths, so it is ideally suited for long-distance quan- 
tum communication. Furthermore, since it is based on 
polarization independent elements, our device could also 
be used as a qubit amplifier, opening up the way for ex- 
perimental device-independent quantum key distribution 
(DI-QKD) [3]. 

In our system we have direct access to the behavior of 
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FIG. 1: A heralded single photon amplifier. The auxiliary 
photon |1) generates an entangled state between the modes c 
and out after passing through a variable beamsplitter (VBS) 
with transmission t. The input mode in is then combined with 
c in a 50/50 beamsplitter (BS). When t= 50%, a measurement 
in d+ or d_ produces a teleportation transformation between 
the in and out modes I12l.[l3l|. When t > 50% such a detection 
heralds the desired noiseless amplification. 



the gain, and we also demonstrate the coherence preserv- 
ing nature of the process. Additionally, we show that no 
specific phase stability is needed between the input pho- 
ton and the auxilia ry p hoton, as required in a distributed 
quantum network [15| . 

This letter is divided into three sections: The first de- 
scribes the theoretical aspects of our single photon am- 
plifier; the second explains the experimental set-up, the 
measurements performed and the results obtained, and 
the final section discusses the additional requirements to 
implement the amplifier in a real quantum network. 



THEORY 

Figure [T] depicts a heralded single photon amplifier. 
We consider an input state that is a statistical mixture 
between the vacuum and a single photon 
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FIG. 2: (Left) A schematic of the set-up used to demonstrate heralded single photon amplification. Two photons, produced 
via SPDC, are fed into the heralded photon amplifier, which is embedded in an interferometer formed by two variable fiber 
beamsplitters (VBS), and two bulk 50/50 beamsplitters (BS). (Right) The high visibility of the HOM interference, measured 
after BSl & BS2, proves the spectral and temporal indistinguishability of the photons. The figure shows the measured points, 
as well as the fit used to estimate the visibility (93.4 ± 5.9%) after BSl. 



An auxiliary photon, sent through a variable beamsplit- 
ter (VBS) with transmission t, produces the entangled 
state between the modes c and out given by 
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Then, a 50/50 beamsplitter combines c and in producing 
the modes d+ = 4= (c -I- in) and d_ — -j={c — in) . If the 
auxiliary and the input photon arc indistinguishable, the 
detection of a single photon in one of these modes, say 
in the mode d+, acts as a Bell state measurement and 
projects the output state out into 
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Where A^ = (1 — t)a^ -I- tfP is a normalization factor. 
Since the detection of one photon in d_ also leads to 
Eq. ([3]), the probability to successfully produce that state 
is given by twice its norm. 

The process of transforming the input into the out- 
put state changes the weight of the single-photon com- 
ponent. The gain G of the process quantifies the change, 
it is defined as the ratio of the single-photon component 
weights before and after the process, and it is given by 
Importantly, if there is a well defined 
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phase between the single-photon and the vacuum compo- 
nent on Eq. ([1]), it is preserved by the process. Therefore, 
in the case where t = 5 , the input state is mapped to the 
output, the gain G = \, and the protocol reduces to the 
teleportation of a vacuum-single-photon qubit 12|, Il3| . 
When t > ^ the gain G > 1 and the desired noiseless 
amplification is realized. 

The amplification, as explained before, is always her- 
alded by a signal coming from either the detection of 
a single photon in d+ or d_ . However, in the case of 



non photon-number resolving detectors it can be shown 
that the gain reduces to G = ^3^27- For instance, for 
a^ — 1/2 the amplification only takes place for i > |. 
In practice, the gain depends on myriad parameters that 
affect the output state given by Eq. ([3]). To describe 
our experimental amplifier, we developed a model for the 
gain taking into account the coupling, transmission losses 
and detector efficiency, which can be quantified indepen- 
dently. 



EXPERIMENT 

Figure [2] shows a schematic of the experimental set- 
up. A 25 mm long type-II PPLN waveguide (University 
of Paderborn) generates both the input and the auxiliary 
photon through spontaneous parametric down conver- 
sion. The interaction of the waveguide with a continuous- 
wave diode laser at 780 nm (Toptica DLIOO, 3.3 mW) 
results in the creation of degenerated photon pairs at 
1560 nm. After the waveguide, a silicon filter blocks the 
laser, and an interference filter (IF) with 1.3 nm band- 
width guarantees the spectral indistinguishability of the 
photons. The pairs are separated by a polarization beam- 
splitter (PBS) and then coupled into a single mode opti- 
cal fibers, which ensures their spatial indistinguishability. 
A delay line in one of the fibers controls the path length 
difference. 

The heralded photon amplifier is embedded in an in- 
terferometer formed by two variable fiber beamsplitters 
(VBS), and two bulk 50/50 beamsplitters (BS). While 
VBSl is part of the amplifier scheme, VBS2 is used 
to prepare the input state. An input photon passing 
through VBS2 produces an entangled state between the 
modes a and in. When considered independently, the 
state of each of those modes is given by Eq. ([T|) (with 
a and /? set by the splitting ratio of VBS2). We use in 
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FIG. 3: Measured values of the fidelity V and gain G as 
a function of the transmission t (squares and circles respec- 
tively). The dashed green line is the maximum possible vis- 
ibility Vmax- The solid blue fine is the maximum gain with 
non photon-number resolving detectors, without losses and 
with a^ — 1/2, the full circles are the values estimated by our 
model. 



as input mode and, as we will explain later, we use a to 
test the coherence of the process by combining it with 
the mode out at BS2. 

The outputs of the two bulk beamsplitters BSl and 
BS2 are coupled into single mode fibers so that they can 
be connected to the detectors. The hybrid configuration 
of bulk and fiber optics, although not necessary for the 
amplification, has been adopted to facilitate the measure- 
ments needed to quantify the gain. 

The two-photon coincidence events were measured via 
two InGaAs/InP avalanche photodiodes. We measure 
single-photon events using a free running detector (IDQ 
- ID210 with 10 % efficiency, 3 KHz noise and 20 /iS dead 
time) . This detection triggers a second detector in gated 
mode that measures the coincidences (IDQ - ID200 with 
15% efficiency, 2.5ns detection gate, and a dark count 
probability of 3 x 10~^ per detection gate). 

The amplification process requires that the input and 
auxiliary photon are indistinguishable in every degree of 
freedom. To quantify the indistinguishability, we first 
measure the Hong-Ou-Mandel (HOM) interference on 
each beamsplitter (BSl & BS2). The interferometer is 
made such that the path difference between the inputs of 
both beamsplitters is equal (within the coherence length 
of the photons). The coincidences after BSl & BS2 
were measured as a function of the delay between the 
input photons. The characteristic dips had visibilities of 
93.4±5.9% and 92.1±5.7% for BSl and BS2 respectively. 
The right hand side of Fig. [2] shows the results for BSl. 

Even with indistinguishable photons, double pair emis- 
sion and detector imperfections decrease the visibility of a 
HOM dip. Based on the model presented in Ref. [16|, we 
calculated a maximum visibility for our source of 92.7% 
17| . The measured visibilities correspond then to highly 
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FIG. 4: Coincidences between the heralding detector at el- 
and one output of BS2 as the phase is varied, with t = 50%. 
For the amplifier (solid red curve), the high visibility of the 
fringes (96.8 ±3.5%) shows that coherence is preserved in the 
protocol. The dashed blue curve is obtained with an input 
state given by Eq. ((5]). The decrease on the visibility (40.9 ± 
2.4%) indicates rapid fluctuations in the phase between the 
input modes of the interferometer. 



indistinguishable photons. 

To quantify the gain of the heralded amplifier we com- 
pare the probability Pm of detecting a photon at in with 
the probability Pout of detecting a heralded photon in the 
mode out. These probabilities are obtained in two inde- 
pendent coincidence measurements. The first is made 
by blocking the paths a and c of the interferometer, and 
using the free running detector after BS2 and the sec- 
ond detector after BSl. The coincidences to singles ra- 
tio {Ci/ Si) provides our initial reference probability Pin 
(approx. 15 x 10""' per detection gate) [18[. In the sec- 
ond measurement only the path a of the interferometer is 
blocked, and the positions of the detectors are reversed. 
In this case, the coincidences to singles ratio {C2/S2) 
gives the amplified output probability Pout ■ We can then 
define the gain, in terms of the measured quantities, as 



tr — Pout/ P'ir 



(4) 



Figure [3] shows the gain measured for different values of 
the transmission t of VBSl, where the splitting ratio of 
VBS2 was fixed at 50/50. Then, the input state is then 
given by Eq. ([ij with a^ = /?^ = 1/2, and therefore 
the maximum possible gain is G = 2 for t = 1. In our 
system the amplification G > 1 occurs for t > 75%, and 
the gain reaches a value of G = 1.98 ± 0.2 at t = 98%. 
The measured values of the gain are in good agreement 
with those predicted taking into account the coupling, 
transmission losses and detector efficiency. 

In order to fully demostrate amplification, for each gain 
measurement it is necessary to verify the coherence pre- 
serving nature of the process. To do so we can take ad- 
vantage of the fact that for t = 50% our experiment is 



analogous to an entanglement swapping experiment [19| . 
Following Fig. [2l we generate two maximally entangled 
states after VBSl and VBS2. Then, a Bell state mea- 
surement at BSl swaps the entanglement onto the two 
modes a and out. 

With a and c unblocked, we measured the coincidences 
between the heralding detector at d_ and one output of 
BS2, as the phase between the inputs of BS2 is varied. 
To control this phase, part of the interferometer's fiber 
is wrapped around a piezoelectric tube. Figure H] shows 
the interference pattern obtained in the coincidences for 
t = 50%. The interference clearly indicates that the co- 
herence is preserved during the process. 

At higher values of i, due to an increasing imbalance in 
the interferometer, the expected value of the interference 
visibility Vmax decreases following the expression Vmax = 
2^/t{l — t) [20|. Figure [3] shows the measured values of 
the visibility as well as Vmax for different values of t. 

If we are to use the amplifier in a distributed quantum 
network it is important for the protocol to be indepen- 
dent of the phase between the different sources. There- 
fore, in addition to the measurements of gain and coher- 
ence, we studied the phase relation between the input 
modes of the interferometer. During our experiment this 
phase fluctuates rapidly (the fibers between the source 
and the interferometer are not stabilized). The effect of 
this fluctuation is clear if we turn a A/2 wave plate (be- 
fore the PBS in Fig. [2]) in order to have an input state 
of the form 
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where |n, m) are the the input modes of VBSl and VBS2, 
and is a phase between these two modes. Figure U com- 
pares the interference fringes obtained for the amplifier, 
with those obtained with the input state given by Eq. ([5|) . 
In the second case the |1, 1) component interferes as be- 
fore, but the rapid fluctuations of (/> erase the interference 
of the last two terms. Figure 2] shows how the visibility 
decreases by a factor of 2, as expected. Therefore, in 
our scheme the phase between the input state and the 
auxiliary photon is not stable, which does not affect the 
amplification process. 



DISCUSSION 

In contrast to our amplifier, where one source gener- 
ates both photons, in a real quantum network the input 
state and the auxiliary photon would be independently 
generated. That is also the case for the implementation 
of a qubit amplifier [14| . With independently generated 
photons the interference requires purity in addition to 
indistinguishability. While the indistinguishability can 
be achieved as shown here, to obtain photons in pure 



states is challenging. Strong filters may remove the cor- 
relations but they also reduce the amount of available 
photons. A more convenient solution is to obtain pure 
photons directly from the source. There has been a large 
effort to design and implement pure photon sources as 
reported, for example, in Ref. [2ll424[. However, it is 
still a challenge to build a single-photon source satisfy- 
ing all the requirements on frequency, bandwidth, and 
maximum transmission losses necessary for an amplifier 
in a real quantum network. 



CONCLUSIONS 

We have reported in this letter the successful heralded 
amplification of a single photon in the telecommunica- 
tion regime. We have shown a maximum gain of ^ 2 and 
demonstrated the coherence of this process. We have also 
shown that the amplification scheme does not require 
a stable phase between the input state and the auxil- 
iary photon. All of these results highlight the potential 
of heralded quantum amplifiers in long-distance quan- 
tum communication based on quantum repeaters jl5|. 
The experiment reported here also brings, for the first 
time, device-independent quantum key distribution into 
the realm of experimental physics [l4|. 
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